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Phdvxuhphqw dqg Whvwlqj ri Lqhtxdolw| iurp
Wlph Vhulhv ri Ghflohv zlwk dq Dssolfdwlrq wr
X1V1 Zdjhv
Dqguhz Kduyh| dqg Mduhg Ehuqvwhlq
Idfxow| ri Hfrqrplfv dqg Srolwlfv/ Xqlyhuvlw| ri Fdpeulgjh/ X1N1
dqg Hfrqrplf Srolf| Lqvwlwxwh/ Zdvklqjwrq/ G1F1/ X1V1D1
Mdqxdu| 5:/ 5333
Devwudfw
Wklv duwlfoh xvhv xqrevhuyhg frpsrqhqwv wlph vhulhv prghov wr fdswxuh
wkh xqghuo|lqj wuhqgv lq wkh txduwhuo| ghflohv ri XV krxuo| zdjhv1 Whvwv
ri vwdelolw| dqg glyhujhqfh duh vxjjhvwhg dv d phdqv ri dvvhvvlqj fkdqjhv
lq lqhtxdolw|1 Wkh ghfuhdvh lq wkh zdjh jhqghu jds lv h{dplqhg dqg wkh
lpsdfw ri fkdqjhv lq wkh plqlpxp zdjh lv dvvhvvhg1
NH\ZRUGV= Fr0lqwhjudwlrq/ Frpprq wuhqgv/ Ndopdq ￿owhu vprrwkhu/
Plqlpxp zdjh/ Shufhqwlohv/ Vwrfkdvwlf wuhqg/ Xqrevhuyhg frpsrqhqwv1
MHO fodvvl￿fdwlrq= F55/ G96
41 Lqwurgxfwlrq
Wkh jurzwk ri hfrqrplf lqhtxdolw| kdv ehhq d pdmru frqfhuq ri hfrqrplvwv dqg
srolf| pdnhuv1 Lq wkh XV d vxevwdqwldo olwhudwxuh kdv hphujhg h{dplqlqj wkh
lqfuhdvhg glvshuvlrq lq wkh glvwulexwlrqv ri zdjhv/ lqfrphv/ dqg zhdowk> vhh Ndw}
dqg Dxwru +4<<<, iru d uhfhqw uhylhz ri zdjh lqhtxdolw| dqg Plvkho hw do/ +4<<</
Fkdswhuv 4 dqg 8, iru d uhylhz ri uhfhqw zrun rq lqfrph dqg zhdowk lqhtxdolw|1
Vlqfh wkh odujhvw frpsrqhqw ri lqfrph iru prvw +qrq0hoghuo|, idplolhv ghulyhv iurpwkhlu hduqlqjv/ pxfk dqdo|vlv kdv irfxvhg rq wkh lqfuhdvh lq hduqlqjv lqhtxdolw|14
Wr glvwlqjxlvk wkh lpsdfw ri fkdqjhv lq wkh yduldelolw| ri krxuv zrunhg iurp wkrvh
ri krxuo| zdjhv/ oderu hfrqrplvwv kdyh riwhq irfxvhg rq wkh glvshuvlrq ri wkh
odwwhu1 Wklv dssurdfk kdv wkhruhwlfdo mxvwlfdwlrq dv zhoo/ vlqfh wkh plfurhfrqrplf
wkhru| ri zdjh ghwhuplqdwlrq lv xvxdoo| fdvw lq whupv ri wkh krxuo| zdjh1 Lq XV
oderu pdunhwv/ yluwxdoo| doo ri wkh hylghqfh kdv ehhq suhvhqwhg lq whupv ri dqqxdo
zdjh wuhqgv1 D w|slfdo dssurdfk xvhv dqqxdo gdwd iurp wkh Fxuuhqw Srsxodwlrq
Vxuyh| +FSV, wr fdofxodwh ydulrxv lqglfdwruv ri zdjh lqhtxdolw|1 Iru h{dpsoh/
Ndw} dqg Dxwru +4<<<, xvh gdwd iurp wkh Pdufk FSV wr fdofxodwh wkh dqqxdo
jurzwk lq wkh orj glhuhqfh ehwzhhq wkh <3wk dqg 43wk shufhqwloh zdjhv1 Zkloh
wklv dssurdfk kdv ehhq lqirupdwlyh/ wkh uhodwlyho| vpdoo qxpehu ri revhuydwlrqv
iru dqqxdo shufhqwloh wlph vhulhv kdv dssduhqwo| olplwhg wkh vfrsh iru dsso|lqj
vwdwlvwlfdo prghoolqj whfkqltxhv wr h{wudfw xqghuo|lqj wuhqgv dqg wr h{dplqh wkh
uhodwlrqvkls ehwzhhq wkhp1 Iru wkh vdph uhdvrq/ wkh olwhudwxuh lv txlhw rq zkdw
uhsuhvhqwv d vwdwlvwlfdoo| phdqlqjixo lqfuhdvh lq phdvxuhv ri lqhtxdolw|1
Wklv vwxg| xvhv d qhzo| frqvwuxfwhg txduwhuo| gdwd vhw rq krxuo| zdjh ghflohv1
Krzhyhu/ zkloh |lhoglqj pruh lqirupdwlrq/ txduwhuo| gdwd dovr lqwurgxfh vrph qhz
phdvxuhphqw fkdoohqjhv1 Vhdvrqdo hhfwv pd| eh suhvhqw dqg wkh revhuydwlrqv
zloo whqg wr eh pruh cqrlv|* ehfdxvh luuhjxodulwlhv dqg vxuyh| huuruv kdyh qrw ehhq
dyhudjhg rxw ryhu wkh |hdu1 Zkdw lv qhhghg lv d phwkrg zklfk h!flhqwo| h{wudfwv
wkh xqghuo|lqj wuhqg iurp vxfk frpsrqhqwv1 Vwuxfwxudo wlph vhulhv prghov duh
vhw xs suhflvho| wr dffrpsolvk wklv wdvn1 Xqlyduldwh prghov surylgh dq h{fhoohqw
phdqv ri glvsod|lqj wkh vw|ol}hg idfwv vxuurxqglqj pryhphqwv lq zdjh lqhtxdolw|/
zkloh pxowlyduldwh prghov vxjjhvw d iudphzrun iru d pruh uljrurxv dqdo|vlv edvhg
rq uhfhqw lghdv rq qrqvwdwlrqdulw|/ frpprq idfwruv dqg fr0lqwhjudwlrq1 Dowkrxjk
wklv wkhru| lv qrz zhoo hvwdeolvkhg/ lw kdv qrw/ wr rxu nqrzohgjh/ ehhq dssolhg wr
shufhqwloh wlph vhulhv/ qru kdyh wkh whvwv zh sursrvh ehhq xvhg lq wklv frqwh{w1
Rxu h{shulhqfh zlwk wkhvh phwkrgv pd| wkhuhiruh eh xvhixo wr rwkhu uhvhdufkhuv
zrunlqj zlwk wlph vhulhv gdwd rq wkh glvwulexwlrqv ri hfrqrplf yduldeohv1
Wkh vwuxfwxuh ri wkh sdshu lv dv iroorzv1 Wkh gdwd duh ghvfulehg lq vhfwlrq
51 Wklv lv iroorzhg/ lq vhfwlrq 6/ e| d ghvfulswlrq ri krz xqlyduldwh vwuxfwxudo
+xqrevhuyhg frpsrqhqw, wlph vhulhv prghov fdq eh xvhg wr h{wudfw xqghuo|lqj
wuhqgv iurp vhdvrqdo vhulhv1 Vhfwlrq 7 wkhq wv wkh prgho wr wkh gdwd rq ghflohv
ri pdoh zdjhv1 Vhfwlrq 8 orrnv dw krz lqhtxdolw| fdq eh fdswxuhg e| ydulrxv
4Dffruglqj wr wkh Frpplwwhh rq Zd|v dqg Phdqv/ 4<<5/ hduqlqjv frpsulvhg :9( ri wrwdo
idplo| lqfrph iurp doo vrxufhv iru idplolhv lq wkh plggoh txlqwloh ri wkh lqfrph glvwulexwlrq lq
4<;<1
5cfrqwudvwv* vxfk dv wkh glhuhqfh ehwzhhq/ ru udwlr ri/ wzr ghflohv1 Whvwv ri vwdelolw|
dqg glyhujhqfh +ru frqyhujhqfh, duh sursrvhg dqg dssolhg wr wkh gdwd1 Wkhvh whvwv
pd| |lhog lqirupdwlrq zklfk zrxog qrw eh dssduhqw iurp vlpso| ch|hedoolqj* wkh
xqdgmxvwhg gdwd1 Pxowlyduldwh prghov duh lqwurgxfhg lq vhfwlrq 9 dqg wkh olqn
zlwk frpprq idfwruv dqg fr0lqwhjudwlrq lv h{soruhg lq vrph ghwdlo1 D jhqhudo
vwdwlvwlfdo whvw iru zdjh glvshuvlrq/ edvhg rq hljkw frqwudvwv/ lv jlyhq dqg wkh
uhvxowv ri wwlqj pxowlyduldwh prghov wr zdjh ghflohv duh uhsruwhg1
Vhfwlrq : h{soruhv wkh fkdqjlqj uhodwlrqvkls ehwzhhq pdoh dqg ihpdoh zdjhv/
zkloh vhfwlrq ; jrhv rq wr orrn dw wkh lpsdfw ri plqlpxp zdjh ohjlvodwlrq1 Wkh
f r q f o x v l r q vd u hs u h v h q w h gl qv h f w l r q< 1
51 Wkh Gdwd
Wkh txduwhuo| krxuo| zdjh gdwd duh ghulyhg iurp wkh Fxuuhqw Srsxodwlrq Vxuyh|/ d
prqwko| vxuyh| frqgxfwhg e| wkh XV Exuhdx ri wkh Fhqvxv1 Hdfk prqwk/ dssur{0
lpdwho| 83/333 krxvhkrogv duh lqwhuylhzhg uhjduglqj wkhlu oderu pdunhw vwdwxv lq
wkh plggoh zhhn ri wkh prqwk1 Vlqfh 4<:</ rqh0txduwhu ri wkh vdpsoh/ fdoohg wkh
rxwjrlqj urwdwlrq jurxsv +RUJ,/ duh dvnhg txhvwlrqv derxw wkhlu hduqlqjv wkdw
zhhn15 Wkh vxuyh| dovr froohfwv ghprjudsklf lqirupdwlrq rq wkhvh zrunhuv dqg
surylghv d zhljkwlqj idfwru wr pdnh wkh RUJ vdpsoh qdwlrqdoo| uhsuhvhqwdwlyh1
Rxu vdpsoh lqfoxghv rqo| 4; wr 97 |hdu rogv/ lq rughu wr h{foxgh wkrvh zkrvh |rxwk
ru djh pljkw suhfoxgh vwhdg| oderu irufh dwwdfkphqw1 Wkh hduqlqjv txhvwlrqv duh
dvnhg ri zdjh dqg vdodulhg zrunhuv +h{foxglqj wkh vhoi0hpsor|hg, lq erwk wkh sul0
ydwh dqg sxelf vhfwruv1 Uhvsrqghqwv duh dovr dvnhg zkhwkhu wkh| duh sdlg e| wkh
krxu lq vrph rwkhu irupdw16 Iru krxuo| zrunhuv/ zh vlpso| wdnh wkh krxuo| zdjh>
iru rwkhuv/ zh glylgh wkhlu zhhno| hduqlqjv e| wkhlu xvxdo zhhno| krxuv1 Pruh
ghwdlo rq wkh frqvwuxfwlrq ri wkh zdjh yduldeoh fdq eh irxqg lq wkh gdwd dsshqgl{
ri Plvkho hw do +4<<<,1 D idluo| h{whqvlyh uhylvlrq ri wkhvh hduqlqjv yduldeohv zdv
5Wkh FSV vxuyh| lv dgplqlvwhuhg dv d ￿uroolqj sdqho1￿ Krxvhkrogv hqwhulqj wkh vxuyh| duh
lqwhuylhzhg iru irxu frqvhfxwlyh prqwkv/ ohdyh wkh vxuyh| iru hljkw prqwkv dqg duh wkhq edfn
lq iru irxu prqwkv +wkh vdph fdohqgdu prqwkv dv wkh ￿uvw irxu,1 Wkh hduqlqjv txhvwlrqv duh
dvnhg rqo| wr wkrvh krxvhkrogv hlwkhu lq wkhlu irxuwk ru hljkwk prqwk lq wkh vxuyh|1 Vlqfh wkhvh
krxvhkrogv duh ohdylqj wkh urwdwlrq/ hlwkhu whpsrudulo| +iru wkrvh lq wkh irxuwk prqwk lq vxuyh|,
ru shupdqhqwo| +iru wkrvh lq wkhlu hljkwk vxuyh| prqwk,/ wkh hduqlqjv vdpsoh lv uhihuuhg wr dv
wkh rxwjrlqj urwdwlrq jurxs1
6Sulru wr 4<<7/ uhvsrqghqwv kdg wr hlwkhu uhsruw dq krxuo| zdjh ru zhhno| hduqlqjv1 Iurp
4<<7 iruzdug/ sd| shulrgv rwkhu wkdq zhhno| zhuh lqwurgxfhg1 Vhh Srolynd +4<<;, dqg Ehuqvwhlq
dqg Plvkho +4<<:, iru d glvfxvvlrq ri wkh lpsdfw ri wkhvh fkdqjhv rq phdvxuhg zdjh wuhqgv1
6lqwurgxfhg lq 4<<71 Exuhdx ri Oderu Vwdwlvwlfv +EOV, vwdwlvwlfldqv/ lq sduwlfxodu
Srolynd +4<<;,/ surylgh ghwdlohg dqdo|vlv ri wkh lpsdfw ri wkh fkdqjh lq phdvxuhg
hduqlqjv1 Wklv zrun/ dorqj zlwk wkh dqdo|vlv lq Ehuqvwhlq dqg Plvkho +4<<:,/ vxj0
jhvwv wkdw wkh lpsdfw ri wkh uhylvlrqv grhv qrw fuhdwh d vljqlfdqw lqfrqvlvwhqf|
lq wkh vhulhv1 Wkh FSV hduqlqjv gdwd duh wrs0frghg wr suhvhuyh frqghqwldolw|/
dqg lq rwkhu zrun zlwk wkhvh gdwd/ vxfk dv Plvkho hw do +4<<<, ydulrxv dgmxvw0
phqwv duh pdgh iru wklv sureohp1 Krzhyhu/ wkh fxuuhqw dqdo|vlv h{dplqhv krxuo|
zdjh ydoxhv xs wr/ exw qrw deryh/ wkh <3wk shufhqwloh ri wkh jhqghu0vshflf zdjh
glvwulexwlrq1 Vlqfh wrsfrghg fdvhv duh zhoo deryh wklv fxwr +w|slfdoo| deryh wkh
<:wk shufhqwloh,/ wklv grhv qrw dhfw rxu dqdo|vlv1 Lq rughu wr frqwuro iru reylrxv
rxwolhuv/ zh h{foxgh krxuo| zdjhv ehorz '3183 dqg deryh '433 lq 4<;< grooduv1
Wkh gdwd duh gh dwhg xvlqj wkh FSL0X0[4/ dq h{shulphqwdo EOV gh dwru zklfk
fruuhfwv wkh ryhuvwdwlqj ri sulfh jurzwk lq wkh pruh frpprqo| xvhg FSL0X vhulhv
lq wkh odwh 4<:3v dqg hduo| 4<;3v +wkh XV Fhqvxv Exuhdx dovr xvhv wkh [4 lq
gh dwlqj wkhlu lqfrph vhulhv,1 Dowkrxjk wkh [4 vhulhv lv dovr vxvfhswleoh wr uhfhqw
fulwltxhv ri wkh FSL/ rxu lqwhuhvw khuh lv lq wkh jds ehwzhhq zdjhv dw glhuhqw
ghflohv/ dqg wkh pdjqlwxgh ri wkh jds lv xqdhfwhg e| wkh gh dwru1 Dv qrwhg
lq Zhvw +xqgdwhg, dqg Srolynd +4<<;,/ zdjh txdqwlohv ghulyhg iurp vxuyh| gdwd
whqg wr foxps durxqg frpprqo| uhsruwhg ydoxhv/ vxfk dv +lq wkh fdvh ri krxuo|
zdjhv,/ '3183 dqg '4133 lqwhuydov1 Ryhu wlph/ wkhvh vslnhv lq wkh zdjh glvwulexwlrq
whqg wr shuvlvw iru d qxpehu ri shulrgv ehiruh mxpslqj wr wkh qh{w vslnh1 Wkxv/
d sduwlfxodu zdjh txdqwloh frpsxwhg iurp wkh udz gdwd pljkw eh ':133 iru d ihz
frqvhfxwlyh txduwhuv ehiruh hyhqwxdoo| mxpslqj wr ':1831 Dqdo|vwv ri pryhphqwv
lq zdjh txdqwlohv qhhg d phwkrg wr frqwuro iru wklv dvshfw ri uhsruwlqj eldv1 Zh
xvh dq lqwhusrodwlrq phwkrg uhfrpphqghg e| Zhvw dqg xvhg e| wkh XV EOV lq
wkhlu zrun> vhh Plvkho hw do +4<<</ Dsshqgl{ E, iru d ghwdlohg h{sodqdwlrq1
Iljxuh 4 vkrzv vrph ri wkhvh lqwhusrodwhg krxuo| zdjh ghflohv/ lq orjjhg uhdo
4<<; grooduv/ iru doo zrunhuv/ iurp 4<:<t4 wr 4<<<t61 Lq rughu wr dyrlg foxwwhu/
wkh jxuh vkrzv wkh 43wk/ 63wk/ 83wk/ :3wk/ dqg <3wk shufhqwlohv> orjdulwkpv duh
frpprqo| xvhg lq wklv w|sh ri dqdo|vlv vlqfh wkh| pdnh wkh jdsv pruh htxdo dqg
irfxv dwwhqwlrq rq uhodwlyh glhuhqfhv1 Zkloh wkh jxuh frpelqhv pdoh dqg ihpdoh
zdjhv/ zh iroorz wkh pruh frpprq sudfwlfh ri h{dplqlqj zdjh wuhqgv e| jhqghu
lq pxfk ri zkdw iroorzv1 Wkh jhqghu0vshflf wuhqgv duh lq xhqfhg e| fkdqjhv
lq oderu vxsso| wkdw zhuh pxfk juhdwhu iru zrphq ryhu wklv shulrg/ dv zhoo dv
rffxsdwlrqdo vhjuhjdwlrq/ zklfk dfwxdoo| glplqlvkhg voljkwo|1 Sxwwlqj dvlgh iru
d prphqw wkh txhvwlrq ri jurzlqj lqhtxdolw|/ zklfk lv vrphzkdw revfxuhg e|
wkh pdjqlwxgh ri wkh vfdoh/ wkh wuhqgv lq jxuh 4 dsshdu  dw ru idoolqj voljkwo|
7iru wkh plggoh wkuhh vhulhv/ idoolqj pruh vwhhso| iru wkh uvw ghfloh dqg guliwlqj
xszdugv iru wkh qlqwk ghfloh1 Vwduwlqj durxqg 4<<9/ wljkw oderu pdunhwv lq wkh
XV ehjdq wr jhqhudwh idluo| eurdg edvhg zdjh jurzwk1 Wkh vhulhv kdyh qxphurxv
vslnhv dqg glsv/ exw wkh vwuxfwxudo wlph vhulhv prghov hqdeoh xv wr owhu rxw
vhdvrqdo dqg luuhjxodu hhfwv/ wr whvw zkhwkhu dssduhqw pryhphqwv lq lqhtxdolw|
duh vwdwlvwlfdoo| vljqlfdqw dqg wr slqsrlqw wkh lpsdfw ri fkdqjhv lq wkh plqlpxp
zdjh1
61 Xqlyduldwh prghov iru wuhqg h{wudfwlrq
W k l vv h f w l r qv h w vr x ww k hv w d w l v w l f d op r g h o vx v h gl qw k hd q d o | v l vd q gu h y l h z vk r z
wr whvw djdlqvw wkh suhvhqfh ri qrqvwdwlrqdu| xqrevhuyhg frpsrqhqwv1
6141 Vwrfkdvwlf wuhqgv
Wkh orfdo ohyho prgho lv
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zkhuh wkh luuhjxodu/ ohyho dqg vorsh glvwxuedqfhv/ 0|c# |dqg l| uhvshfwlyho|/ duh
pxwxdoo| lqghshqghqw1 Zkhq j2
l 'fwkh vorsh lv {hg dqg wkh wuhqg uhgxfhv wr
du d q g r pz d o nz l w kg u l i w
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Vhwwlqj j2
# w r} h u rj l y h vd ql q w h j u d w h gu d q g r pz d o nw u h q g /z k l f kz k h qh v w l 0
pdwhg whqgv wr eh uhodwlyho| vprrwk1 Lq idfw lw lv htxlydohqw wr d fxelf vsolqh> vhh
8Zhfnhu dqg Dqvoh| +4<;6,1 Wkh prgho lv riwhq uhihuuhg wr dv wkh cvprrwk wuhqg*
prgho1 Wkh vljqdo0qrlvh udwlr/ ^l ' j2
l*j2
0c ghwhuplqhv wkh ghjuhh ri vprrwkqhvv1
Wuhqg frpsrqhqwv duh h{wudfwhg e| wkh Ndopdq owhu dqg vprrwkhu +NIV,1
Wklv |lhogv wkh rswlpdo hvwlpdwru ri wkh wuhqg lq doo wlph shulrgv/ wrjhwkhu zlwk
lwv UPVH1 Wkh hvwlpdwru ri wkh wuhqg fdq eh uhjdughg dv d zhljkwhg dyhudjh ri





Wkh zhljkwv/ ￿c|c duh dv|pphwulf qhdu wkh ehjlqqlqj dqg hqg ri wkh vhulhv/ exw
qhdu wkh fhqwuh ri d odujh vdpsoh wkh| duh v|pphwulf dqg lqghshqghqw ri |Kduyh|
dqg Nrrspdq +4<<<, h{dplqh wkh zhljkwv dvvljqhg wr revhuydwlrqv wr h{wudfw
y d u l r x vw u h q g vd q gf r p s d u hw k h pz l w kw k hn h u q h o vw | s l f d o o |x v h gl qq r q s d u d p h w u l f
wuhqg h{wudfwlrq1 Iljxuh 5 vkrzv wkh lpsolflw v|pphwulf nhuqhov/ wkdw lv wkh wlph
lqyduldqw zhljkwv/ iru wkh vprrwk wuhqg prgho zlwk irxu glhuhqw vljqdo0qrlvh
udwlrv1
Sulru wr h{wudfwlqj wuhqgv/ pd{lpxp olnholkrrg +PO, hvwlpdwhv ri wkh sdud0
phwhuv/ wkdw lv yduldqfhv vxfk dv j2
l dqg j2
0c duh frpsxwhg e| sxwwlqj wkh prgho
lq vwdwh vsdfh irup +VVI, dqg dsso|lqj wkh Ndopdq owhu> vhh Kduyh| +4<;<,1
doo wkh fdofxodwlrqv uhsruwhg khuh zhuh fduulhg rxw xvlqj wkh VWDPS sdfndjh ri
Nrrspdq hw do +4<<8,1
6151 Vhuldo fruuhodwlrq
Lqfrusrudwlqj d vhuldoo| fruuhodwhg frpsrqhqw/ vxfk dv d vwrfkdvwlf f|foh/ lqwr wkh
prgho fdq |lhog d wuhqg zklfk fdq eh pruh dsshdolqj lqvridu dv lw fkdqjhv pruh
vorzo|1 Kduyh| dqg Mdhjhu +4<<6, w vxfk d prgho wr uhdo XV JQS lq rughu wr
h{wudfw wkh orqj0uxq wuhqg1 Lq wkh suhvhqw frqwh{w d f|foh pd| qrw fruuhvsrqg
wr wkh exvlqhvv f|foh/ exw pd| slfn xs rwkhu yduldwlrqv1 D vlpsoh uvw0rughu
dxwruhjuhvvlyh/ DU+4,/ prgho pd| dovr eh xvhixo lq wklv uhvshfw1
Vhuldo fruuhodwlrq pd| dovr eh lqgxfhg e| wkh urwdwlqj vdpsoh ghvljq1 Lq d
j l y h qt x d u w h u /do l w w o ho h v vw k d qk d o ir iw k r v hd v n h gd e r x wh d u q l q j vz l o ok d y he h h q
dvnhg lq wkh vdph txduwhu ri wkh suhylrxv |hdu + wkh sursruwlrq zloo eh ohvv wkdq
rqh0kdoi ehfdxvh ri dwwulwlrq,1 Wklv zloo lqgxfh fruuhodwlrq dw odj irxu/ zklfk
frxog shukdsv eh prghoohg e| d irxuwk0rughu prylqj dyhudjh/ PD+7,/ zlwk jdsv
dw wkh qrq0vhdvrqdo odjv1 Krzhyhu/ xqolnh wkh phdvxuhphqw ri hpsor|phqw vwdwxv/
zkhuh wkh lpsolhg huuru surfhvv fdq eh ghgxfhg/ dv lq Sihhupdqq +4<<4,/ lw vhhpv
9gl!fxow wr ghwhuplqh wkh prylqj0dyhudjh frh!flhqw1 Zkloh dq PD+7, frxog eh
dgghg wr wkh prgho dqg wkh sdudphwhu hvwlpdwhg dorqj zlwk wkh rwkhuv/ lw vhhpv
xqolnho| wkdw rplwwlqj lw zloo glvwruw wkh wuhqg lq dq| vljqlfdqw zd| dqg zh irxqg
qr hylghqfh ri vljqlfdqw irxuwk0rughu dxwrfruuhodwlrq lq wkh uhvlgxdov1 Zh kdyh
qrw/ wkhuhiruh/ dwwhpswhg wr lqfrusrudwh wklv ihdwxuh lq rxu prgho1
6161 Vwdwlrqdulw| whvwv
Lq wkh Jdxvvldq udqgrp zdon soxv qrlvh prgho/ +614, dqg +615,/ wkh orfdoo| ehvw
lqyduldqw +OEL, whvw ri wkh qxoo k|srwkhvlv wkdw j2
# 'f cdjdlqvw wkh dowhuqdwlyh
wkdw j2











2 :S c +618,
zkhuh e| ' +|  +/ r2 ' A 3￿ SA
|’￿E+|  +2 dqg S lv d fulwlfdo ydoxh> vhh Q|eorp
dqg Pçnhoçlqhq +4<;6,1 Wkh whvw fdq dovr eh lqwhusuhwhg dv d rqh0vlghg Odjudqjh
pxowlsolhu +OP, whvw1 Wkh dv|pswrwlf glvwulexwlrq ri wkh vwdwlvwlf lv Fudpìu0yrq
Plvhv/ iru zklfk wkh 8( fulwlfdo ydoxh lv 317941
Li wkh wuhqg lv d udqgrp zdon soxv guliw/ dv lq +617,/ lw ehfrphv ghwhuplqlvwlf
zkhq j2
# 'f Wkxv
+| ' >f n q|n0|c| ' ccA +619,
Wkh whvw vwdwlvwlf/ #2c lv dv lq +618, h{fhsw wkdw lw lv iruphg iurp wkh ROV uhvlgxdov
iurp d uhjuhvvlrq rq d frqvwdqw dqg wlph1 Wkh dv|pswrwlf glvwulexwlrq lv d vhfrqg
ohyho Fudpìu0yrq Plvhv glvwulexwlrq iru zklfk wkh 8( fulwlfdo ydoxh lv 3147<1
Li 0| lv dq| lqghwhuplqlvwlf vwdwlrqdu| surfhvv/ udwkhu wkdq zklwh qrlvh/ wkh
dv|pswrwlf glvwulexwlrq ri wkh whvw vwdwlvwlf xqghu wkh qxoo k|srwkhvlv uhpdlqv
wkh vdph li r2 lv uhsodfhg e| d frqvlvwhqw hvwlpdwru ri wkh orqj0uxq yduldqfh1
Nzldwnrzvnl hw do +4<<5, frqvwuxfw vxfk dq hvwlpdwru qrqsdudphwulfdoo|1 Vhuldo
fruuhodwlrq fdq dovr eh kdqgohg sdudphwulfdoo| e| xvlqj wkh sdudphwhuv rewdlqhg
iurp dq xquhvwulfwhg prgho wr frqvwuxfw d whvw vwdwlvwlf iurp wkh lqqrydwlrqv ru
cvprrwklqj huuruv* rewdlqhg iurp uxqqlqj wkh Ndopdq owhu zlwk j2
# vhw wr }hur>
vhh Kduyh| dqg Vwuhleho +4<<:,1
D glhuhqw whvw lv rewdlqhg zkhq wkh dowhuqdwlyh lv d vprrwk wuhqg dqg wkh
qxoo lv j2
l 'f 1 Q|eorp dqg Kduyh| +5333d, ghulyh wklv whvw exw wkhq jr rq wr
vkrz wkdw lw kdv qr pruh srzhu wkdq #21
:Qrwh wkdw xqlw urrw whvwv/ vxfk dv dxjphqwhg Glfnh|0Ixoohu duh lqdssursuldwh
khuh dv wkh qxoo ri vwdwlrqdulw| lv wkh k|srwkhvlv wr eh whvwhg1 Lq dq| fdvh dq
dxwruhjuhvvlyh dssur{lpdwlrq pd| qrw eh yhu| vdwlvidfwru|1
6171 Vhdvrqdolw|
Wkh edvlf vwuxfwxudo prgho frqvlvwv ri wuhqg/ vhdvrqdo dqg luuhjxodu frpsrqhqwv/
wkdw lv
+| ' >| n | n 0|c| ' ccA +61:,
Wkh wuljrqrphwulf irup ri vwrfkdvwlf vhdvrqdolw| kdv suryhg hhfwlyh lq prghoolqj
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zkhuh b￿ '2 Z*r lv iuhtxhqf|/ lq udgldqv/ dqg /￿c| dqg /W
￿c| duh wzr pxwxdoo|
xqfruuhodwhg zklwh qrlvh glvwxuedqfhv zlwk }hur phdqv dqg frpprq yduldqfh j2
/c
zklfk lv wkh vdph iru doo 1I r u r hyhq dr*2o ' r*2/ zkloh iru r rgg/ dr*2o '
Er  *2 Iru r hyhq/ wkh frpsrqhqw dw  ' r*2 froodsvhv wr
￿c| ' ￿c|3￿ ULtb￿ n /￿c|c ' r*2 +6143,
Li wkh vhdvrqdo sdwwhuq lv ri lqwhuhvw lq lwvhoi lw pd| eh h{wudfwhg e| wkh NIV1
Lw hyroyhv ryhu wlph/ xqohvv j2
/ 'flq zklfk fdvh lw lv ghwhuplqlvwlf1 Fdqryd dqg
Kdqvhq +4<<8, vkrz krz d whvw ri wklv k|srwkhvlv pd| eh fduulhg rxw dorqj vlplodu
olqhv wr wkh whvwv djdlqvw vwrfkdvwlf wuhqgv1 Krzhyhu/ zkhwkhu wkh vhdvrqdo sdwwhuq
hyroyhv ryhu wlph lv d vhfrqgdu| lvvxh lq wkh suhvhqw frqwh{w1 7 Wkh hvvhqwldo srlqw
lv wkdw lw fdq kdqgohg zlwklq wkh ryhudoo prgho vr wkdw dwwhqwlrq fdq eh irfxvhg
rq wkh wuhqg1
7Lw frxog eh dujxhg wkdw vrph ri wkh vhdvrqdolw| frphv iurp wkh gh dwru1 Krzhyhu/ wkh
gh dwru zh xvhg/ wkh FSL0X0[4/ dsshduv wr kdyh qr vljql￿fdqw vhdvrqdo frpsrqhqw1
;71 Ghfloh wuhqgv
Zh qrz xvh wkh whfkqltxhv ri wkh suhylrxv vhfwlrq wr suhvhqw wkh vw|ol}hg idfwv
ri wkh pryhphqwv lq wkh zdjh glvwulexwlrq1 Dw wklv vwdjh zh frqqh rxuvhoyhv
wr pdohv/ uvwo| ehfdxvh wkh orzhu ghflohv dsshdu wr eh olwwoh dhfwhg e| plql0
pxp zdjh ohjlvodwlrq dqg vhfrqgo| ehfdxvh wkh ihpdoh glvwulexwlrq sduwo| uh hfwv
lqfuhdvhg ihpdoh sduwlflsdwlrq lq wkh oderu irufh1
Ohw (￿E dqg _|Ec' ccb ghqrwh wkh   | ghfloh dqg lwv orjdulwkp
dw wlph | ' ccA Xvlqj orjdulwkpv irfxvhv dwwhqwlrq rq uhodwlyh/ udwkhu wkdq
devroxwh/ lqhtxdolw|1 Krzhyhu ryhu wkh shulrg fryhuhg e| rxu gdwd wkhuh duh qr
elj lqfuhdvhv lq wkh uhdo zdjh dqg vr wkhuh lv olwwoh glhuhqfh lq w ehwzhhq ohyhov
dqg orjdulwkpv1 Lq dq| fdvh kdylqj wwhg d prgho lq orjdulwkpv zh fdq dozd|v
wdnh dqwlorjdulwkpv ri dq h{wudfwhg frpsrqhqw1 Wkh lpsolfdwlrqv iru whvwlqj duh
glvfxvvhg lq vxe0vhfwlrq 8161
Ilwwlqj wkh EVP/ wkdw lv +61:, zlwk wkh xquhvwulfwhg wuhqg dv lq +616,/ wr
wkh phgldq/ _|EDc jdyh wkh vxppdu| vwdwlvwlfv vkrzq lq wdeoh 41 Wkh vwdqgdug
ghyldwlrq ri wkh rqh0vwhs dkhdg suhglfwlrq huuruv lv ghqrwhg cv1h1* zkloh *L}u
lv wkh pd{lpl}hg orj0olnholkrrg1 Wkh gldjqrvwlfv duh oEc uvw0rughu uhvlgxdo
dxwrfruuhodwlrq/ dqg 'Ecsc wkh Er{0Omxqj vwdwlvwlf edvhg rq wkh uvw  uhvlgxdo
dxwrfruuhodwlrqv dqg dvvxphg wr kdyh d 2
s glvwulexwlrq lq d fruuhfwo| vshflhg
prgho1 Ixuwkhu ghwdlov duh lq wkh VWDPS pdqxdo1 Wkhuh lv qr lqglfdwlrq ri dq|
plvvshflfdwlrq1 Wkh rqo| sureohp lv wkdw wkh h{wudfwhg wuhqg lv qrw sduwlfxoduo|
vprrwk1 Zkhq wkh wuhqg lv uhvwulfwhg wr eh d udqgrp zdon soxv guliw +UZG,/ wkh
w lv doprvw dv jrrg/ dv lqghhg lw lv li wkh guliw lv rplwwhg +UZ,/ exw djdlq wkh
wuhqg lv qrw vprrwk18
Vhwwlqj wkh ohyho yduldqfh/ j2
#c wr }hur jlyhv dq lqwhjudwhg udqgrp zdon wuhqg
+LUZ,1 Wkh w lv voljkwo| zruvh/ zlwk oE odujh/ wkrxjk wkh Er{0Omxqj vwdwlvwlf lv
vwloo vdwlvidfwru|1 Wkhruhwlfdoo| wkh k|srwkhvlv wkdw j2
# lv }hur frxog eh uhmhfwhg dv
wkh OU vwdwlvwlf lv 7163 zkloh wkh 8( fulwlfdo ydoxh lv 51:4 iru d sdudphwhu rq wkh
erxqgdu| ri wkh sdudphwhu vsdfh> vhh Kduyh| +4<;</ s 57;0<,1 Wkh frpshqvdwlqj
dgydqwdjh lv wkdw wkh wuhqg lv vprrwk dqg jlyhv d fohdu lqglfdwlrq ri wkh pryhphqwv
lq wkh vhulhv1 Ryhudoo wklv lv rxu suhihuuhg prgho iru wkh vwxg| dw kdqg1 Lq zkdw
iroorzv lw zloo eh uhihuuhg wr dv wkh vprrwk wuhqg EVP1 Iljxuh 6 vkrzv wkh wuhqg/
wrjhwkhu zlwk wkh vorsh +wkh txduwhuo| jurzwk udwh,/ wkh luuhjxodu dqg wkh vhdvrqdo1
8Qrwh wkdw orjO iru UZ lv qrw gluhfwo| frpsdudeoh zlwk wkh rwkhu orjO3v dv wkh vwdwh yhfwru
kdv rqh qrqvwdwlrqdu| hohphqw ihzhu1
<Wkh vhdvrqdo yduldqfh/ j2
/c lv }hur9 lqglfdwlqj wkdw wkh vhdvrqdo sdwwhuq lv frqvwdqw1
Wkh voljkw uvw0rughu vhuldo fruuhodwlrq fdq eh uhpryhg e| uhsodflqj wkh luuhjxodu
e| dq -E1 Wklv jlyhv d olnholkrrg doprvw h{dfwo| htxdo wr wkdw ri wkh EVP
exw lw kdv rqh pruh sdudphwhu1 Wkh DU frh!flhqw lv rqo| 316 dqg wkh glhuhqfh
lq wkh wuhqg lv gl!fxow wr ghwhfw e| h|h1
Rwkhu ghflohv jlyh vlplodu uhvxowv/ vrphwlphv zlwk d uhodwlyho| ehwwhu w iru wkh
vprrwk wuhqg vshflfdwlrq1 Dq DU+4, ru f|foh fdq pdnh d glhuhqfh/ exw ryhudoo
rxu suhihuhqfh lv wr w wkh EVP dqg frqvwudlq wkh wuhqg wr eh vprrwk1 Wdeoh 5
vkrzv wkh uhvxowv ri wwlqj vprrwk wuhqg EVPv wr wkh rgg ghflohv 4/6/8/:/<1 Wkh
sdudphwhu hvwlpdwhv/ jrrgqhvv ri w vwdwlvwlfv dqg gldjqrvwlfv duh forvh wr hdfk
rwkhu zlwk wkh srvvleoh h{fhswlrq ri wkh .  | ghfloh1
Wkh vhdvrqdo yduldqfh zdv hvwlpdwhg dv }hur iru doo ghflohv1 Dowkrxjk wkh
vhdvrqdo sdwwhuqv duh uhodwlyho| vpdoo wkh| duh kljko| vljqlfdqw1 Wkh vpdoohvw
ydoxh ri wkh mrlqw whvw vwdwlvwlf/ dv|pswrwlfdoo| glvwulexwhg dv 2
￿ xqghu wkh qxoo ri
qr vhdvrqdolw|/ lv 49136/ iru zklfk wkh suredelolw| ydoxh lv 3133441 Wdeoh 6 vkrzv
wkh shufhqwdjh ghyldwlrqv iurp xqghuo|lqj ohyho1 Wkhvh duh qhyhu pruh wkdq 4(1
Wkh sdwwhuq iru wkh uvw ghfloh lv voljkwo| glhuhqw wr wkh rwkhuv exw qrw e| d juhdw
ghdo1
81 Fkdqjlqj lqhtxdolw|
Wkh frqwudvwv ehwzhhq glhuhqw ghflohv srlqw wr ydulrxv dvshfwv ri lqhtxdolw|1 Zh






Fkdqjlqj lqhtxdolw| pd| eh fdswxuhg e| prgholqj frqwudvwv dqg h{wudfwlqj
wkh wuhqg1 Wkh prgho vshflfdwlrq lv wkh vdph dv iru ghflohv1 Lqghhg li wzr ghflohv
fdq hdfk eh prghoohg e| d EVP/ wkh frqwudvw lv d EVP dqg wkh sdudphwhuv
fdq eh ghgxfhg iurp wkh lqglylgxdo sdudphwhuv dqg wkh fryduldqfhv ehwzhhq wkh
glvwxuedqfhv lq wkh wzr vhulhv1 Vhfwlrq 9 vkrzv krz wklv uhvxow jhqhudolvhv wr pruh
wkdq wzr vhulhv dqg wr vhyhudo frqwudvwv1
9Lqlwldo hvwlpdwlrq dfwxdoo| jlyhv lw d vpdoo srvlwlyh ydoxh/ exw uh0hvwlpdwlqj zlwk lw ￿{hg
lqfuhdvhv wkh olnholkrrg1
43Wkh vlpsohvw frqwudvwv lqyroyh rqo| wzr ghflohv1 Ri sduwlfxodu lqwhuhvw duh wkh
orjdulwkpv ri udwlrv ri hdfk ghfloh wr wkh phgldq/ wkdw lv
o|E'_ |E  _ |ED ' *L}i(|E*(|EDj '* L } i - E   j c ' ccecSccb( +815,
vhh/ iru h{dpsoh/ Frzhoo +4<<8/ s5<,1 Ri frxuvh/ wkh sulfh gh dwru lv qrz luuhohydqw1
Iljxuh 7 vkrzv wkh wuhqg h{wudfwhg iurp o|E iru pdohv xvlqj d vprrwk wuhqg
EVP1 Wkh dqwlorjdulwkp kdv ehhq wdnhq vr lw lv lq udwlr irup/ lq rwkhu zrugv dq
hvwlpdwh ri -|E1 Lw fdq eh vhhq wkdw wkh lqfuhdvlqj lqhtxdolw| xs wr 4<;: lv
uhyhuvhg wkhuhdiwhu/ doehlw zlwk d voljkw eols lq wkh hduo| <3v1 Wkh w surylghg
e| wkh vprrwk wuhqg EVP zdv uhodwlyho| ehwwhu iru wkh ghfloh udwlrv dv frpsduhg
zlwk wkh udz ghflohv1 Wkh vhuldo fruuhodwlrq zdv orzhu dqg lq pdq| fdvhv wkh
vprrwk wuhqg frqvwudlqw/ j2
# 'f cfrxog qrw eh uhmhfwhg zlwk d OU whvw1 Wkh
vhdvrqdo frpsrqhqw xvxdoo| fdph rxw dv wlph0ydu|lqj exw yhu| vpdoo zlwk wkh
2
￿ whvw dw wkh hqg ri wkh vdpsoh ehlqj vwdwlvwlfdoo| lqvljqlfdqw dw frqyhqwlrqdo
ohyhov1 Krzhyhu zkhq lw zdv gursshg wkh vhuldo fruuhodwlrq lqfuhdvhg dw odjv 5 dqg
7 dqg vr lw vhhpv ehwwhu wr uhwdlq lw1 Wdeoh 7 vkrzv wkh gldjqrvwlf dqg jrrgqhvv ri
w vwdwlvwlfv fruuhvsrqglqj wr wkrvh lq wdeoh 51 Qrwh wkdw wkh ^l udwlrv duh doprvw
lghqwlfdo> wkh lpsolhg zhljkwlqj sdwwhuq hvvhqwldoo| fruuhvsrqgv wr wkdw lq sdqho
+ll, ri jxuh 51
Wkh ghfloh udwlrv/ ru htxlydohqwo| wkh ghflohv wkhpvhoyhv/ frxog eh frpelqhg dv














Li wkh glvwulexwlrq lv glyhujlqj wklv frqwudvw zloo eh lqfuhdvlqj ryhu wlph1 Lw fdq eh
uh0duudqjhg lq ydulrxv zd|v zklfk frqwudvw ghflohv deryh dqg ehorz wkh phgldq1
Iru h{dpsoh/
U| ' i_|Eb  _|Ej n i_|EH  _|E2j n i_|E.  _|Ej n i_|ES  _|Eej
Iru vrph sxusrvhv lw pd| eh xvhixo wr orrn dw wkh frqwudvwv deryh dqg ehorz wkh
phgldq/ wkdw lv wkh wzr sduwv ri +816,1 Lw pd| dovr eh xvhixo wr frpsduh wkh ghflohv
qhdu wkh phgldq zlwk wkh kljkhvw dqg orzhvw ghflohv/ iru h{dpsoh e| frqwudvwlqj
o|E zlwk o|Ee
8141 Vwdelolw| whvwv
Vxssrvh zh zlvk wr whvw zkhwkhu d sduwlfxodu frqwudvw lv vwdeoh1 Wklv wkhq dprxqwv
wr whvwlqj wkh qxoo k|srwkhvlv wkdw/ dsduw iurp d srvvleo| hyroylqj vhdvrqdo frpsr0
qhqw/ wkh frqwudvw vhulhv lv vwdwlrqdu|/ zlwk qr wlph wuhqg/ djdlqvw wkh dowhuqdwlyh
44wkdw lw frqwdlqv d qrqvwdwlrqdu| wuhqg frpsrqhqw1 Wkxv wkh uhohydqw whvw vwdwlvwlf
lv #c qrw #2Zlwk wkh ghflohv wkhpvhoyhv iroorzlqj qrq0vwdwlrqdu| surfhvvhv wklv
phdqv wkdw zh duh whvwlqj zkhwkhu  lv d fr0lqwhjudwlqj yhfwru1
Dq h{dpsoh ri wkh vwdelolw| whvw lv surylghg e| o|Ec zklfk zdv sorwwhg lq jxuh
71 Wkh whvw djdlqvw d udqgrp zdon frpsrqhqw/ prglhg wr doorz iru vhdvrqdolw|:/
lv 41:< zklfk vkrzv d fohdu uhmhfwlrq dv wkh 8( fulwlfdo ydoxh lv 31791
Vhfwlrq 9 frqvlghuv mrlqw whvwv ri vhyhudo frqwudvwv/ lqfoxglqj d whvw ri wkh
vwdelolw| ri wkh zkroh glvwulexwlrq1
8151 Glyhujhqfh dqg frqyhujhqfh whvwv
Li wkh frqwudvw lv qrw vwdeoh zh pd| zlvk wr sxw d frqghqfh lqwhuydo durxqg wkh
xqghuo|lqj fkdqjh zklfk kdv wdnhq sodfh1 Wklv uhtxluhv zh qg wkh urrw phdq
vtxduh huuru +UPVH, ri wkh hvwlpdwru ri >| >￿ zlwk sduwlfxodu lqwhuhvw rq wkh
fdvh ri | ' A + Wkh UPVH ri dq hvwlpdwru ri d vwrfkdvwlf txdqwlw| lv wkh vdph dv
wkh yduldqfh ri wkh hvwlpdwlrq huuru,1 Zh zloo fdoo frpelqdwlrqv lqyroylqj glhuhqw
wlph shulrgv cwhpsrudo +ohyho, frqwudvwv*1
D whpsrudo ohyho frqwudvw pd| eh hvwlpdwhg e| dgglqj lw wr wkh vwdwh yhfwru1
Iru d prgho frqwdlqlqj d jhqhudo vwrfkdvwlf wuhqg ri wkh irup +616,/ ohw >W
| ' >|>￿





|3￿ n q|3￿ n #|c| '2 ccA +817,
Wkh lqlwldo ydoxh lv >W
￿ 'fzlwk d 7. ri }hur1 Wkh frqwudvw lv wkhq wudfnhg e|
wkh Ndopdq owhu vr lwv hyroxwlrq fdq eh vwxglhg1 Wkh hvwlpdwh ri >W
Ac wrjhwkhu
zlwk lwv UPVH/ lv rewdlqhg zkhq doo wkh revhuydwlrqv kdyh ehhq surfhvvhg1 D






edvhg rq wkh vwdqgdug qrupdo glvwulexwlrq1 Ri frxuvh frqwudvwv fdq eh frpsxwhg
ryhu vkruwhu shulrgv e| vwduwlqj +817, lq d odwhu wlph shulrg1
Li wkh vhulhv lv uhodwlyho| orqj/ wkh whvw vwdwlvwlf +818, fdq eh frpsxwhg iurp
wkh NIV zlwkrxw dgglqj wkh h{wud wudqvlwlrq htxdwlrq1 Zh kdyh
 >
W
A ' > A > ￿ ￿ Ac
:Wkh whvw zdv fduulhg rxw rq wkh vhdvrqdoo| dgmxvwhg vhulhv rewdlqhg e| ￿wwlqj dq xquhvwulfwhg
EVP> vhh Kduyh| dqg Vwuhleho +4<<:, iru d mxvwl￿fdwlrq1
45zkhuh  >￿￿A lv wkh vprrwkhg hvwlpdwru ri >￿c dqg/ vlqfh wkh fruuhodwlrq ehwzhhq
wkh hvwlpdwruv ri >￿ dqg >A zloo eh qhjoljleoh/
7.E >
W




'2 7.E >A +819,
D qrqsdudphwulf whvw/ frqvwuxfwhg wr kdyh srzhu djdlqvw wkh dowhuqdwlyh ri d
ghwhuplqlvwlf exw prqrwrqlfdoo| lqfuhdvlqj +ghfuhdvlqj, wuhqg/ zdv vxjjhvwhg e|



















Wkh zhljkwlqj sdwwhuq phdqv wkdw lw vwurqjo| frqwudvwv wkh ehjlqqlqj dqg hqg
ohyhov ri wkh gdwd1 Wkh whvw vwdwlvwlf










u lv dq hvwlpdwru ri wkh orqj0uxq yduldqfh dv xvhg lq wkh NSVV whvw/ kdv d
vwdqgdug qrupdo glvwulexwlrq zkhq wkh ohyho lv frqvwdqw1 Wkh whvw lv rqh0vlghg rq
wkh srvlwlyh +qhjdwlyh, wdlo1 Wkh whvw zloo/ ri frxuvh/ kdyh srzhu lq dq| vlwxdwlrq
zkhuh wkh ehjlqqlqj dqg hqg ri wkh vhulhv duh dw d glhuhqw ohyho1
Frqwlqxlqj wkh h{dpsoh ri o|Edw wkh hqg ri wkh odvw vxe0vhfwlrq/ wkh VWDPS
rxwsxw vkrzv wkdw wkh ohyho dw wkh hqg ri wkh vhulhv lv 031:3: zlwk d UPVH ri
3133:1 Wkh ohyho dw wkh ehjlqqlqj lv 0319<< vr  >W
A 'f  ffH Wklv lv qrw vljqlfdqwo|
glhuhqw iurp }hur vlqfh wkh UPVH frpsxwhg iurp +819, lv 1343 ohdglqj wr d ohyho
frqwudvw vwdwlvwlf/ +818, ri 31;1 Rq wkh rwkhu kdqg wkh ohyho lq ;:t4 lv 031;56
dqg wkh glhuhqfh ehwzhhq wklv dqg wkh ohyho dw wkh hqg lv 31449 zklfk lv fohduo|
vljqlfdqw1
8161 Wr orj ru qrw wr orjB
Iurp wkh srlqw ri ylhz ri hvwlpdwlqj wuhqgv/ wkh ghflvlrq dv wr zkhwkhu wr wdnh
orjdulwkpv ghshqgv sulpdulo| rq jrrgqhvv ri w dqg gldjqrvwlf fulwhuld1 Li d prgho
lv wwhg lq orjdulwkpv/ dqwlorjdulwkpv pd| eh wdnhq wr frqyhuw wr ohyhov ru udwlrv/
dv zdv grqh lq jxuh 71 Krzhyhu/ wdnlqj orjdulwkpv grhv kdyh lpsolfdwlrqv iru
whvwv ri vwdelolw| dqg glyhujhqfh1 Li wkhuh duh xszdug ru grzqzdug pryhphqwv lq
wkh ghflohv/ d frqvwdqw ghfloh udwlr grhv qrw lpso| d frqvwdqw devroxwh glhuhqfh1
Wkxv (|E  (|ED frxog eh lqfuhdvlqj zkloh (|E*(|EDcdqg khqfh o|Ec lv
46frqvwdqw1 Dv d uhvxow zh pd| zlvk wr whvw k|srwkhvhv uhjduglqj wkh devroxwh
glhuhqfhv dv zhoo dv/ ru lqvwhdg ri/ udwlrv1
Orjdulwkpv dovr kdyh lpsolfdwlrqv iru iruhfdvwlqj1 Krzhyhu/ wkh h{wudsrodwlrq
ri fxuuhqw wuhqgv lq wkh suhvhqw frqwh{w lv sduwlfxoduo| kd}dugrxv/ dqg wkh prghov
zhuh qrw wwhg zlwk wklv lq plqg1 Wkh dlp lv vlpso| wr h{wudfw lqirupdwlrq frq0
fhuqlqj sdvw pryhphqwv dqg wkh gluhfwlrq lq zklfk ydulrxv ghflohv dqg frqwudvwv
dsshdu wr eh khdglqj lq wkh vkruw whup1 Lqghhg orqj0uxq suhglfwlrqv zrxog eh
qrqvhqvh vlqfh/ zlwk glhuhqw vorshv/ wkh ghflohv zrxog hyhqwxdoo| furvv1 Li rqh uh0
doo| zdqwhg wr pdnh frkhuhqw orqj0uxq suhglfwlrqv lw zrxog eh qhfhvvdu| wr orrn dw
yduldeohv olnh wkh orjdulwkp ri wkh +srvlwlyh, glhuhqfh lq wzr ghflohv/ vlqfh wdnlqj
dqwlorjdulwkpv zrxog wkhq jlyh d orzhu erxqg ri }hur1
91 Pxowlyduldwh prghov
Wkh orfdo olqhdu wuhqg prgho fdq eh jhqhudolvhg wr wkh pxowlyduldwh fdvh vwudljkw0
i r u z d u g o |v l p s o |e |z u l w l q j
) | '  |n % |c % |U(EfcP0c| ' ccAc +914,
| ' |3￿n|3￿ n |c |  U(EfcP#c
| ' |3￿ n|c | U(EfcPlc +915,
zkhuh )| lv dq    yhfwru dqg P0c P# dqg Pl duh    fryduldqfh pdwulfhv1
Vhdvrqdov fdq eh dgghg wr jlyh d pxowlyduldwh EVP1
Zlwk qlqh vhulhv ri ghflohv wkhuh duh 78 sdudphwhuv wr hvwlpdwh lq hdfk frydul0
dqfh pdwul{1 Wkh fryduldqfh pdwulfhv pd| eh uhvwulfwhg lq ydulrxv zd|v zklfk
pd| ohdg wr vwdwlvwlfdo jdlqv dqg2ru |lhog dq lqwhusuhwdwlrq1 Srvvlelolwlhv lqfoxgh
wkh iroorzlqj1
+l, Fruuhodwlrqv ghfuhdvlqj dv ghflohv duh ixuwkhu dsduw1 Iru h{dpsoh/ rqh zrxog
h{shfw wkh uvw dqg vhfrqg ghflohv wr pryh pruh forvho| wrjhwkhu wkdq wkh uvw
dqg qlqwk1
+ll, Yduldqfhv +gldjrqdov, wkh vdph1
+lll, Pdwulfhv sursruwlrqdo/ wkdw lv P# ' ^P0 dqg Pl ' ^lP01W k l vl vn q r z q
dv krprjhqhlw|1 Vxfk prghov duh yhu| hdv| wr hvwlpdwh> vhh Kduyh| +4<;</ fk ;,1
+ly, Wkh pdwulfhv P# dqg Pl ehlqj ri uhgxfhg udqn1 Lq sduwlfxodu li wkh zdjh
glvwulexwlrq zhuh vwdeoh ryhu wlph/ wkhuh zrxog eh d vlqjoh frpprq wuhqg dqg wkh
47prgho frxog eh zulwwhq=
)|' >|nn%|c +916,
zkhuh >| lv d xqlyduldwh vwrfkdvwlf wuhqg dqg  lv d yhfwru ri frqvwdqwv/ rqh ri
zklfk lv vhw wr }hur iru uhdvrqv ri lghqwldelolw| + xqohvv >f l vv h ww r} h u r , 1 L w
lv srvvleoh wkdw sduw ri wkh glvwulexwlrq lv vwdeoh ryhu wlph vr wkhuh duh vhyhudo
frpprq wuhqgv dvvrfldwhg zlwk jurxsv ri ghflohv1 Hvwlpdwlqj wkh ixoo prgho dqg
frqgxfwlqj d sulqflsdo frpsrqhqwv dqdo|vlv rq wkh hvwlpdwh ri P# dqg Pl pd|
jlyh dq lqglfdwlrq ri srvvleoh vwuxfwxuhv1
D pxowlyduldwh prgho pd| hqdeoh wuhqgv wr eh hvwlpdwhg pruh h!flhqwo|1 Wkh
jdlq ghshqgv rq wkh uhodwlrqvkls ehwzhhq wkh fryduldqfh pdwulfhv P0/ P# dqg
Pl Iru h{dpsoh li wkh| duh sursruwlrqdo + krprjhqhlw|, wkhuh lv qr uhgxfwlrq lq
wkh PVH ri wkh hvwlpdwhg wuhqg/ wkrxjk wkh suhflvlrq zlwk zklfk wkh frpprq
vljqdo0qrlvh udwlrv pd| eh hvwlpdwhg lqfuhdvhv1
Li wkh revhuydwlrqv duh prghoohg e| d pxowlyduldwh EVP/ wkhq dq| vhw ri olqhdu
frpelqdwlrqv zloo vdwlvi| d prgho ri wkh vdph irup1 Li  lv dq - pdwul{/ wkh
fryduldqfh pdwulfhv lq wkh pxowlyduldwh EVP iru )| zloo eh ri wkh irup P
￿
Qrwh wkdw d krprjhqhrxv prgho zloo uhpdlq krprjhqhrxv1
9141 Pxowlyduldwh vwdwlrqdulw| whvwv
Lq wkh pxowlyduldwh orfdo ohyho prgho/ wkdw lv +914, zlwkrxw wkh vorsh/ d whvw ri
wkh qxoo k|srwkhvlv wkdw P#' f lv d whvw djdlqvw wkh dowhuqdwlyh wkdw wkhuh lv
qrqvwdwlrqdulw| lq wkh v|vwhp1 Q|eorp dqg Kduyh| +5333e, vkrz wkdw dq OEL
whvw fdq eh ghyhorshg djdlqvw wkh krprjhqhrxv dowhuqdwlyh P#'^P01W k h w h v w



























zkhuh i| ' )|  ) Xqghu wkh qxoo k|srwkhvlv/ wkh olplwlqj glvwulexwlrq ri +917, lv
wkh Fudpìu0yrq Plvhv glvwulexwlrq zlwk  ghjuhhv ri iuhhgrp/ ghqrwhg E1
Dowkrxjk wkh whvw pd{lpl}hv wkh srzhu djdlqvw krprjhqhrxv dowhuqdwlyhv/ lw lv
frqvlvwhqw djdlqvw doo qrqqxoo P￿
#r1 Wklv iroorzv iurp wkh uhvxow wkdw A3￿#E kdv
d qrqghjhqhudwh olplwlqj glvwulexwlrq1 Lq idfw wkh olplwlqj glvwulexwlrq ghshqgv
rqo| rq wkh udqn ri P# Wklv uhvxow vxjjhvwv wkdw dq lqglfdwlrq ri wkh qxpehu ri
frpprq wuhqgv fdq eh rewdlqhg/ zlwkrxw hvwlpdwlqj d prgho/ vlpso| e| orrnlqj
48dw wkh hljhqydoxhv ri 53￿ D irupdo whvw ri wkh qxoo k|srwkhvlv wkdw wkhuh lv d
vshflf qxpehu ri frpprq wuhqgv/ wkdw lv
Mf G o@?&EP#'g djdlqvw M￿ G o@?&EP# :g c g	 c
fdq eh edvhg rq wkh vxp ri wkh   g vpdoohvw hljhqydoxhv ri 53￿( vhh Q|eorp
dqg Kduyh| +5333e,1
9151 D whvw ri vwdelolw|
Li wkh glvwulexwlrq lv vwdeoh ryhu wlph/ dv lq +916,/ wkhuh duh hljkw fr0lqwhjudwlqj
yhfwruv1 Wkxv zh qhhg wr fkrrvh hljkw frqwudvwv zlwk wkh surshuw| wkdw  ' f
dqg whvw zkhwkhu wkh| duh mrlqwo| vwdwlrqdu|1 Dv qrwhg hduolhu d vwdqgdug zd| ri
v h w w l q jx sf r q w u d v w vl vz l w ku h v s h f ww rw k hp h g l d qd vl q+ 8 1 5 , 1L qw k l vf d v hkdv
- 'E urzv hdfk zlwk plqxv rqh lq wkh iwk srvlwlrq dqg rqh lq srvlwlrq 
iru  9'D 
Wkh whvw ri vwdelolw| lv fduulhg rxw e| dsso|lqj wkh whvw ri +917, wr )| ' _|
Dv revhuyhg lq vxe0vhfwlrq 814/ wlph wuhqgv zrxog qrw qrupdoo| eh suhvhqw xqghu
wkh qxoo dqg wklv lv dovr dssduhqw iurp +916,1 Wkh whvw vwdwlvwlf




lv wkhuhiruh iruphg iurp ghyldwlrqv iurp wkh phdqv1 Lwv olplwlqj glvwulexwlrq xqghu
wkh qxoo k|srwkhvlv lv E 1
Rwkhu fkrlfhv ri  duh srvvleoh vlqfh li wkh ruljlqdo  lv suh0pxowlsolhg e| d
qrq0vlqjxodu -  - pdwul{ wkh whvw vwdwlvwlf lv xqfkdqjhg1 Qrwh wkdw lq jhqhudo
wkh -   pdwul{  pxvw eh ri udqn -
Vhyhudo frqwudvwv frxog eh whvwhg vhsdudwho|1 Iru h{dpsoh zh pd| zlvk wr whvw
li wkhuh lv sduwldo vwdelolw| dprqj wkh ghfloh udwlrv/ lq rwkhu zrugv d frpprq wuhqg
iru vrph ri wkhp1
Qrwh wkdw d krprjhqhrxv prgho fdqqrw kdyh frpprq vwrfkdvwlf wuhqgv/ vr lw
fdqqrw kdyh vwdeoh frqwudvwv1
9161 Uhvxowv
Dwwhpswlqj wr w doo qlqh vhulhv zdv qrw vdwlvidfwru| dqg lq idfw d kljkhu olnholkrrg
zdv dfklhyhg e| lpsrvlqj wkh krprjhqhlw| frqvwudlqw1 Iru d ehwwhu frpsdulvrq
zh wwhg wkh rgg ghflohv rqo|1 Wkh surjudp frqyhujhg dqg wkh prgho jdyh d
vdwlvidfwru| w1 Iljxuh 8 sorwv wkh wuhqgv lqgh{hg wr }hur lq 4<:<t4 vr wkh| duh
49doo rq wkh vdph vfdoh dv wkh uvw ghfloh1 Wkh krprjhqhrxv prgho mxvw idlohg wr eh
uhmhfwhg rq d olnholkrrg udwlr whvw dw wkh 8( ohyho ri vljqlfdqfh1 Wkh whvw vwdwlvwlf
zdv 551;7/ zkloh wkh 8( fulwlfdo ydoxh iru d 2 zlwk E n*2' eghjuhhv
ri iuhhgrp lv 5619<1 Wkh vxppdu| vwdwlvwlfv iru wkh yh ghflohv duh vlplodu wr wkrvh
jlyhq iru wkh xqlyduldwh prghov lq wdeoh 51 Wkh +frpprq, hvwlpdwh ri ^l zdv 31581
Wkh yh hvwlpdwhv iru wkh luuhjxodu yduldqfh/ j2
0c duh +zkhq pxowlsolhg e| 43D 917/
914/ 916/ 817/ :1:1 Rqh zrxog suredeo| eh uhoxfwdqw wr lpsrvh d frqvwudlqw wkdw
wkh| duh doo wkh vdph1
Wdeoh 7 vkrzv wkh fruuhodwlrqv lpsolhg e| wkh krprjhqhrxv fryduldqfh pdwul0
fhv1 Wkh fruuhodwlrq whqgv wr eh kljkhu iru ghflohv forvh wrjhwkhu1
Wkh irxu ghfloh udwlrv/ o|Ec ' c  c . c bzhuh hvwlpdwhg vxffhvvixoo| e| dq
xquhvwulfwhg vprrwk wuhqg EVP1 Wkh dqwlorjv ri wkh wuhqgv duh vkrzq lq jxuh
91 Wkh wuhqg lq sdqho +l, lv wkh vdph dv lq jxuh 7 dqg lw fdq eh vhhq wkdw
wkh vwrfkdvwlf pryhphqwv lq wkh rwkhu wuhqgv duh ri d vlplodu rughu ri pdjqlwxgh
0 lw zloo eh uhphpehuhg wkdw wkh k|srwkhvlv ri d frqvwdqw ohyho iru o|E zdv
ryhuzkhoplqjo| uhmhfwhg1 Lw fdq eh vhhq wkdw ehiruh 4<;8 lqhtxdolw| zdv lqfuhdvlqj
doo urxqg lq wkdw wkh orzhu ghfloh udwlrv/ o|E dqg o|E zhuh prylqj grzqzdugv
zkloh wkh xsshu rqhv zhuh prylqj xszdugv1 Lq wkh odwh 4<;3v doo wkh udwlrv zhuh
prylqj xs1 Wklv sdwwhuq frqwlqxhv djdlq diwhu wkh hduo| <3v1 Wkxv wkh orzhu
ghflohv duh jhwwlqj forvhu wr wkh phgldq zkloh wkh kljkhu rqhv duh prylqj ixuwkhu
dzd|1 Zh glvfxvv vrph dqdo|wlf lpsolfdwlrqv ri wklv vkliw lq wkh sdwwhuq ri zdjh
lqhtxdolw| lq wkh frqfoxvlrq1
Lq ylhz ri wkh uhvxowv lq wdeoh 7/ lw lv qrw vxusulvlqj wkdw wkh krprjhqhrxv
prgho fdqqrw eh uhmhfwhg dw wkh 8( ohyho ri vljqlfdqfh wkrxjk lw fdq eh dw wkh
43(> wkh OU vwdwlvwlf lv 491661
:1 Pdoh dqg ihpdoh zdjhv
Iljxuh :/ wrs sdqho/ vkrzv wkh udwlr ri ihpdoh wr pdoh phgldq zdjh rewdlqhg e|
wwlqj d vprrwk wuhqg prgho wr wkh orjdulwkp ri wkh udwlr dqg wdnlqj dqwlorjd0
ulwkpv1 D f|folfdo frpsrqhqw zdv lqfoxghg/ udwkhu wkdq mxvw zrunlqj zlwk wkh
EVP1 Wklv jdyh d vprrwkhu wuhqg/ wkh vdolhqw ihdwxuh ri zklfk lv wkh vwhdg| uhod0
wlyh lqfuhdvh lq ihpdoh zdjhv xs wr 4<<6/ diwhu zklfk lw ohyhov r1 H{dplqlqj wkh
wuhqgv ri wkh wzr yduldeohv frpsulvlqj wkh frqwudvw/ zh qg wkdw wkh 461:( ghfolqh
lq wkh wuhqg ri wkh uhdo pdoh phgldq zdjh ehwzhhq 4<:<t4 dqg 4<<6t4 xqghuolhv
wkh uhodwlyh jdlqv ri ihpdohv> wkh wuhqg lq wkhlu uhdo zdjh juhz e| 81<( ryhu wklv
shulrg1 Vlqfh 4<<6t4/ wkh wuhqg lq wkh jhqghu zdjh jds kdv ehhq txlwh  dw/ zlwk
4:wkh wuhqg jurzwk ri erwk pdoh dqg ihpdoh uhdo phgldq zdjhv ehlqj derxw 7(1
Wkhvh qglqjv duh frquphg irupdoo| e| wkh whpsrudo ohyho frqwudvw vwdwlvwlfv dv
dssolhg wr wkh orjdulwkp ri wkh wuhqg/ zklfk dw wkh ri wkh shulrg zdv 031583 zlwk d
UPVH ri 3133;;1 Irupxod +819, jlyhv UPVH+h >
W
A dv 31345 dqg ryhu wkh ixoo shulrg
+818, lv 4:1< zklfk lv kljko| vljqlfdqw1 Wkh  dwqhvv ri wkh jhqghu jds wrzdugv wkh
hqg lv frquphg e| qrwlqj wkdw lq plg04<<6 wkh wuhqg zdv 03158:1 Hyhq wkrxjk
+819, pd| eh d ohvv vdwlvidfwru| dssur{lpdwlrq lq wklv fdvh/ lw lv fohdu wkdw wkhuh
lv qr vljqlfdqw fkdqjh1
Wkh vkruw0whup pryhphqwv lq wkh f|foh/ vkrzq lq wkh orzhu sdqho ri jxuh :/
duh vrphzkdw luuhjxodu lq shulrg dqg dpsolwxgh/ dowkrxjk wkhuh lv vrph hylghqfh
ri vslnhv dw yh |hdu lqwhuydov1 Wkhvh lqwhuydov gr qrw/ krzhyhu/ fruuhvsrqg wr dq|
ri wkh f|folfdo lqglfdwruv/ vxfk dv jhqghu0vshflf xqhpsor|phqw udwhv/ zklfk pljkw
eh h{shfwhg wr sod| d uroh lq wkh jhqghu jds1 Wkhuh duh pdq| rwkhu qrq0f|folfdo
idfwruv wkdw pljkw eh fdoohg xsrq wr h{sodlq wkh frpsuhvvlqj ri wkh jhqghu jds
wkurxjkrxw wkh 4<;3v1 Dv grfxphqwhg e| Eodx +4<<;,/ zrphq pdgh frqvlvwhqw
surjuhvv ryhu wklv shulrg rq vrph nh| zdjh ghwhuplqdqwv/ sulpdulo| oderu pdunhw
h{shulhqfh dqg rffxsdwlrqdo xsjudglqj1 Yduldeohv olnh wkh dyhudjh h{shulhqfh
ohyho ri wkh ihpdoh zrunirufh ru wkh vkduh ri ihpdoh zklwh0froodu zrunhuv frxog eh
eurxjkw lqwr wkh EVP1 Wklv frxog khos vkhg oljkw rq wkh uroh ri wkhvh idfwruv lq
erwk wkh forvlqj ri wkh jhqghu jds lq wkh 4<;3v dqg lwv vxevhtxhqw +dqg dv |hw/
xqh{sodlqhg, ghfhohudwlrq lq wkh 4<<3v1
;1 Plqlpxp zdjh
Wkh XV Ihghudo plqlpxp zdjh lv d elqglqj zdjh  rru rq wkh zdjh glvwulexwlrq/
fryhulqj derxw <3( ri wkh zdjh dqg vdodu| zrunirufh1; Lw lv w|slfdoo| dujxhg wkdw
wkh plqlpxp zdjh sod|v dq lpsruwdqw zdjh vhwwlqj uroh iru orz0zdjh zrunhuv lq
wkh XV> vhh/ iru h{dpsoh/ Vsuljjv dqg Nolhq +4<<7,1 Rwkhuv/ vxfk dv GlQdugr
hw do1 +4<<9,/ kdyh hpskdvl}hg wkh uroh ri wkh orqj0whup ghfolqh lq wkh uhdo plql0
pxp zdjh lq h{sodlqlqj wkh lqfuhdvh lq zdjh lqhtxdolw| ryhu wkh 4<;3v/ zkhq wkh
plqlpxp ihoo 63( lq uhdo whupv1
Iljxuh ; vkrzv wkh orzhvw wkuhh ihpdoh uhdo zdjh ghflohv/ wrjhwkhu zlwk wkh
uhdo plqlpxp zdjh1 +Zh suhihu wr zrun khuh lq dfwxdo uhdo ydoxhv udwkhu wkdq
;Wklv vkduh uhihuv wr wkrvh zrunhuv vxemhfw wr wkh Idlu Oderu Vwdqgdugv Dfw Plqlpxp/ Zdjh
Surylvlrqv +X1V1 GRO/ 4<<;,1 Vwdwhv fdq vhw wkhlu plqlpxpv deryh ru ehorz wkh ihghudo ohyho/
exw wkh| fdqqrw sd| fryhuhg zrunhuv ohvv wkdq wkh ihghudo plqlpxp1 Lq 4<<</ qlqh vwdwhv kdg
plqlpxp zdjhv deryh wkh ihghudo ohyho1
4;orjdulwkpv iru wkh sxusrvhv ri lqwhusuhwdwlrq,1 Dw wkh ehjlqqlqj ri wkh vhulhv wkh
uvw ghfloh/ 8|Ec lv ehorz wkh plqlpxp zdjh dqg wkh lqfuhdvh lq wkh plqlpxp
zdjh lq ;4t4 ohdgv wr d fruuhvsrqglqj odujh dqg lqvwdqwdqhrxv lqfuhdvh lq wkh
vhulhv1 +Wkh ulvh lq ;3t4 kdv yhu| olwwoh lpsdfw,1< Wkh plqlpxp zdjh dqg 8|E
vwd| forvh iru d ihz |hduv dqg wkhq lq wkh plg0hljkwlhv/ wkh plqlpxp zdjh vwduwv
wr idoo zd| ehorz 8|E xqwlo dw wkh ehjlqqlqj ri wkh qlqhwlhv wkh jds lv derxw ;8
fhqwv1 Wkh lqfuhdvh lq wkh plqlpxp zdjh lq <3t5 kdv plqlpdo lpsdfw/ vhuylqj
rqo| wr eulqj lw edfn lq olqh zlwk 8|E1 Vlploduo| wkh plqlpxp zdjh ulvhv ri
4<<9t7 dqg 4<<:t7 kdyh olwwoh hhfw rq 8|Ec vlqfh wkh lqfuhdvh lq 8|E lq wkh
vhfrqg kdoi ri wkh qlqhwlhv lv dovr wr eh irxqg lq 8|E zklfk/ dv zh hvwdeolvk
vkruwo|/ lv xqdhfwhg e| plqlpxp zdjh lqfuhdvhv1 Wkhvh qglqjv duh frqvlvwhqw
zlwk wkrvh ri Fdug +4<<5,/ zkr vkrzv wkdw wkh lpsdfw ri d plqlpxp zdjh lqfuhdvh
lv juhdwhu zkhq lw kdv pruh elwh/ lq rwkhu zrugv lw dhfwv d odujhu vkduh ri wkh
orz0zdjh zrunirufh1
Ilwwlqj wkh vprrwk wuhqg EVP wr 8|E jlyhv d Erzpdq0Vkhqwrq qrupdolw|
whvw vwdwlvwlf htxdo wr 88914> wkh 8( fulwlfdo ydoxh lv d phuh 81<<1 Wklv lv d uh hfwlrq
ri wkh hqruprxv mxps lq uhvsrqvh wr wkh plqlpxp zdjh lqfuhdvh ri ;4t41 Sxwwlqj
lq d ohyho gxpp| yduldeoh43 dw wklv srlqw uhgxfhv wkh qrupdolw| vwdwlvwlf wr 9194/
zklfk/ dowkrxjk vljqlfdqw dw wkh 8( ohyho/ lv txlwh wrohudeoh> vhh wdeoh 91 Wkh
gxpp| lv kljko| vljqlfdqw zlwk d cw0vwdwlvwlf* ri 46147 dqg wkh prgho dv d zkroh
wv zhoo zlwk gldjqrvwlfv/ vxfk dv Er{0Omxqj/ ehlqj shuihfwo| dffhswdeoh dqg wkh
wuhqg/ vkrzq lq jxuh </ surylglqj d jrrg lqglfdwlrq ri wkh xqghuo|lqj pryhphqwv
lq wkh vhulhv1 Wkh gxpp| lv lqfrusrudwhg lqwr wkh wuhqg/ vr wkh ohyho lqfuhdvhv lq
;4t4 e| wkh gxpp|*v frh!flhqw ri 31851 Wdeoh 9 dovr vkrzv uhvxowv ri wwlqj wkh
vdph prgho wr rwkhu ghflohv1 Dv fdq eh vhhq/ wkhuh lv d plqlpxp zdjh vslooryhu
hhfw rqwr 8|E2c zkhuh wkh lqfuhdvh lq ;4t4 lv 31561 Krzhyhu/ wkh wklug ghfloh lv
dssduhqwo| xqdhfwhg/ dv lv wkh uvw pdoh ghfloh/ |E
<1 Frqfoxvlrq
Wklv duwlfoh kdv vkrzq krz xqrevhuyhg frpsrqhqwv wlph vhulhv prghov pd| eh
xvhg wr h{klelw wkh vw|ol}hg idfwv ri wlph vhulhv ri zdjh shufhqwlohv1 Lq sduwlfxodu
wkh wuhqgv lq ydulrxv phdvxuhv ri lqhtxdolw| edvhg rq frpelqdwlrqv ri shufhqwlohv
<Wklv pd| eh gxh wr wkh idfw wkdw lq dwlrq zdv txlwh d elw kljkhu wkdq lw zdv d |hdu odwhu>
wkxv/ wkh ;3t4 uhdo lqfuhdvh zdv 619( zkloh wkh ;4t4 uhdo lqfuhdvh zdv 816(1
43Wklv lv grqh e| dgglqj ￿zw wr wkh ￿uvw htxdwlrq lq +616,/ zlwk zw @4lq ;4t4 dqg }hur
wkhuhdiwhu1 Wkh ohyho vkliw lv wkhq lqfrusrudwhg lqwr wkh wuhqg1
4<pd| eh wudfnhg ryhu wlph1 Whvwv ri vwdelolw| dqg glyhujhqfh +ru frqyhujhqfh,
duh ghulyhg xvlqj uhfhqwo| hvwdeolvkhg wlph vhulhv wkhru| rq fr0lqwhjudwlrq dqg
frpprq wuhqgv1 Pxowlyduldwh prghov fdq eh wwhg wr jurxsv ri shufhqwlohv dqg
wkh fruuhodwlrqv ri wkh ydulrxv frpsrqhqwv dfurvv jurxsv vwxglhg1
Wkh phwkrgv zhuh dssolhg wr d qhzo| frqvwuxfwhg gdwd vhw ri txduwhuo| zdjh
ghflohv ghulyhg iurp wkh rxwjrlqj urwdwlrq jurxsv ri wkh Fxuuhqw Srsxodwlrq Vxu0
yh|1 Wkh pdlq vxevwdqwlyh frqfoxvlrqv duh wkdw wkh fkdudfwhu ri krxuo| zdjh
lqhtxdolw| vkliwhg lq wkh plg04<;3v/ iurp rqh ri jhqhudol}hg glyhujhqfh wkurxjk0
rxw wkh zdjh vfdoh/ wr rqh zkhuh wkh wrs ghflohv sxoohg dzd| iurp wkrvh lq wkh
plggoh dqg erwwrp ri wkh zdjh vfdoh +wklv vkliw rffxuuhg wrzdug wkh hqg ri wkh
4<;3v iru ihpdoh zrunhuv,1 Wkxv/ o|Ebwkh orjdulwkp ri wkh <wk ghfloh plqxv wkh
wkdw ri wkh phgldqjuhz frqvlvwhqwo| wkurxjkrxw wkh ixoo shulrg iru erwk vh{hv
zkloh wkdw ri o|E  dwwhqhg dqg hyhq lqfuhdvhg +lpso|lqj ohvv lqhtxdolw|, lq wkh
4<<3v1
Wkhvh idfwv qhhg wr eh dgguhvvhg e| wkrvh zkr sursrvh h{sodqdwlrqv iru wkh
lqfuhdvh lq XV zdjh lqhtxdolw|1 Iru h{dpsoh/ rqh ri wkh pruh srsxodu h{sodqd0
wlrqv dujxhv wkdw vnloo0eldvhg whfkqrorjlfdo fkdqjh +VEWF,/ eurxjkw derxw e| wkh
lqfuhdvhg xvh ri frpsxwhuv lq wkh zrunsodfh/ lv d sulpdu| fdxvh ri jurzlqj zdjh
glhuhqwldov1 \hw/ wkh wuhqgv vkrzq deryh udlvh wkh txhvwlrq dv wr zkdw w|sh
ri whfkqrorjlfdo surfhvv zrxog jhqhudwh wklv revhuyhg sdwwhuq/ glhuhqwldwlqj wkh
ghflohv wkurxjkrxw wkh zdjh vfdoh lq rqh shulrg/ dqg rqo| wkrvh dw wkh wrs ri wkh
zdjh vfdoh lq dqrwkhu shulrg1 Lv lw sodxvleoh wkdw VEWF kdv shuvlvwhqwo| oliwhg
wkh uhodwlyh zdjhv ri kljk zdjh zrunhuv/ exw rqo| glg vr iru plggoh0zdjh zrunhuv
wkurxjk wkh plg04<;3vB Ixuwkhu uhvhdufk zklfk dffrxqwv iru wkhvh qxdqfhv lq
wkh sdwwhuq ri zdjh lqhtxdolw| lv qhfhvvdu|1
Vlploduo|/ wkh wuhqg lq wkh vr0fdoohg jhqghu jds/ zklfk zh phdvxuh dv wkh
glhuhqfh ehwzhhq ihpdoh dqg pdoh phgldq zdjhv/ ohyhoohg r lq wkh 4<<3v/ diwhu
vwhdglo| forvlqj wkurxjkrxw wkh 4<;3v1 Khuh wrr pruh uhvhdufk lv qhhghg wr
lghqwli| wkh idfwruv wkdw h{sodlq wkh wuhqg*v  dwwhqlqj lq wkh 4<<3v1 Rqh dssurdfk
zrxog eh wr dgg h{sodqdwru| yduldeohv/ vxfk dv wkh dyhudjh ohyho ri ihpdoh oderu
pdunhw h{shulhqfh ru rffxsdwlrqdo xsjudglqj +h1j1/ wkh vkduh ri ihpdoh zklwh froodu
zrunhuv,/ wr wkh EVP ri wkh jhqghu zdjh jds dqg h{dplqh zkhwkhu hlwkhu wkhvh
yduldeohv wkhpvhoyhv ru wkhlu uhodwlyh uhwxuqv glplqlvkhg lq wkh 4<<3v1
Dv uhjdugv wkh plqlpxp zdjh/ wkh rqo| lqfuhdvh zklfk kdg d phdvxudeoh
lpsdfw rq wkh orzhvw ihpdoh ghfloh zdv wkh rqh lq ;4t41 Wklv kdsshqhg ehfdxvh
wkh plqlpxp zdjh zdv dfwxdoo| kljkhu wkdq wkh orzhvw ihpdoh ghfloh dw wkh wlph1
Lwv hhfw vsuhdg ryhu lqwr wkh vhfrqg ghfloh exw qrw wkh wklug1 Wkh pdoh ghflohv
53zhuh dssduhqwo| xqdhfwhg1 Odwhu lqfuhdvhv lq wkh plqlpxp zdjh kdyh olwwoh
lpsdfw rq wkh uvw ihpdoh ghfloh dv wkh| duh vrph zd| ehorz lwv ohyho1
DFNQRZOHGJPHQWV
Zh zrxog olnh wr wkdqn Sdxo Ndwwxpdq/ Phoy|q Zhhnv/ Urq Pduwlq dqg Mrkq
Vfkplww iru khosixo frpphqwv rq d suholplqdu| gudiw1 Gdqlhooh Jdr khoshg suhsduh
wkh gdwd vhw1 Ri frxuvh zh duh uhvsrqvleoh iru dq| huuruv1
54Wdeoh 4 Hvwlpdwhg prghov iru wkh orjdulwkp ri phgldq pdoh zdjhv
Wuhqg Vshflfdwlrq
Xquhvwulfwhg UZG UZ LUZ
v1h1 1343< 13439 1343: 13444
T+9, 8193 :15: :19< :179
u+4, 0133 0136 0136 147
orj O 676199 6761<3 67<187W 674184
Wdeoh 51 Xqlyduldwh vprrwk wuhqg prghov iru orjv ri pdoh ghflohv
Ghflohv
Vwdwlvwlf 468:<
^ l 155 15< 15; 146 159
7. 13444 1343: 13444 133<< 13454
'EHcS 9135 <1;6 :179 58179 <19<
oE 1 3 91 4 81 4 71 5 51 4 5
Wdeoh 61 Vhdvrqdo sdwwhuqv iru pdoh ghflohv
Ghflohv
Txduwhu 4 6 8 : <
4 156 197 1:4 188 1;9
5 0148 0144 0144 0146 0154
6 017< 01;6 01;9 19< 01;<
7 175 164 15: 015: 156
55Wdeoh 71 Xqlyduldwh vprrwk wuhqg prghov iru ghfloh udwlrv
Frqwudvwv
46:<
^ l 159 158 159 159
7. 13473 133<; 133<7 13475
'EHcS :1:6 ;166 8157 45186
oE 138 13; 147 13<
Wdeoh 81 Fruuhodwlrqv ehwzhhq ghflohv lq krprjhqhrxv prgho iru
pdoh orj ghflohv
Ghfloh
Ghfloh 4 6 8 : <
4 4 17< 155 145 149
6 4 195 16; 156
84 1 9 4 1 5 4
:4 1 7 4
<4
1
Wdeoh 91 Prghov iru orzhu pdoh dqg ihpdoh ghflohv zlwk ohyho gxpp|
dw 4<;4t41
Ghfloh Gxpp| |  o@|J  'EHcS ^l
I+4, 185 46147 9195 :15< 1:3
I+5, 156 71;5 <154 6198 15<
I+6, 0137 01:3 7169 <154 157
P+4, 138 1<3 194 8146 155
56431 Uhihuhqfhv
Ehuqvwhlq/ Mduhg dqg Odzuhqfh Plvkho/ Kdv Zdjh Lqhtxdolw| Vwrsshg JurzlqjB
Prqwko| Oderu Uhylhz 453=45 +4<<:,/ 60491
Eodx/ Iudqflqh/ Wuhqgv lq wkh Zhoo0Ehlqj ri Dphulfdq Zrphq/ 4<:30<8/
Mrxuqdo ri Hfrqrplf Olwhudwxuh/ 69=4 +4<<;,/ 44504981
Euloolqjhu/ G1U1 Frqvlvwhqw Ghwhfwlrq ri d Prqrwrqlf Wuhqg Vxshusrvhg rq d
Vwdwlrqdu| Wlph Vhulhv/ Elrphwulnd/ :9 +4<;<,/ 560631
Fdqryd/ I1 dqg E1H1 Kdqvhq +4<<8,/ Duh Vhdvrqdo Sdwwhuqv Frqvwdqw Ryhu
WlphB D Whvw iru Vhdvrqdo Vwdelolw|/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlv0
wlfv/ 46/ 56:0851
Fdug/ Gdylg/ Xvlqj Uhjlrqdo Yduldwlrq lq Zdjhv wr Phdvxuh wkh Hhfwv ri
wkh Ihghudo Plqlpxp Zdjh1 Lqgxvwuldo dqg Oderu Uhodwlrqv Uhylhz/ 79 +4<<5,/
5506:1
Frpplwwhh rq Zd|v dqg Phdqv/ Wkh Juhhq Errn= Ryhuylhz ri Hqwlwohphqw
Surjudpv1 X1V1 Jryhuqphqw Sulqwlqj R!fh/ Zdvklqjwrq/ GF +4<<5,/ 468;1
Frzhoo/ I D/ Phdvxulqj Lqhtxdolw|1 Kduyhvwhu Zkhdwvkhdi= Khpho Khpsvwhdg
+4<<8,1
GlQdugr/ Mrkq/ Qlfroh P1 Iruwlq/ dqg Wkrpdv Ohplhx{/ Oderu Pdunhw Lqvwl0
wxwlrqv dqg wkh Glvwulexwlrq ri Zdjhv/ 4<:604<<5= D Vhplsdudphwulf Dssurdfk/
Hfrqrphwulfd/ 98 +4<<9,/ 43340771
Kduyh|/ D1F1/ Iruhfdvwlqj/ Vwuxfwxudo Wlph Vhulhv Prghov dqg wkh Ndopdq
Ilowhu1 Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv +4<;<,1
Kduyh|/ D1F1 dqg Mdhjhu/ D1/ Ghwuhqglqj/ Vw|ol}hg Idfwv dqg wkh Exvlqhvv
F|foh/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ ; +4<<6,/ 56407:1
Kduyh|/ D1 F1 dqg Nrrspdq/ V1M1/ Vljqdo H{wudfwlrq dqg wkh Irupxodwlrq ri
Xqrevhuyhg Frpsrqhqwv Prghov/ FhqwHU glvfxvvlrq sdshu <<77 +4<<<,/ Wloexuj
Xqlyhuvlw|1
Kduyh|/ D1F1 dqg P1 Vwuhleho/ Whvwlqj iru qrqvwdwlrqdu| xqrevhuyhg frpsr0
qhqwv/ plphr +4<<:,
Nrrspdq/ V1M1/ Kduyh|/ D1F1/ Grruqln/ M1D1 dqg Vkhskdug/ Q1/ VWDPS 813
Vwuxfwxudo Wlph Vhulhv Dqdo|vlv Prghoohu dqg Suhglfwru/ Orqgrq= Fkdspdq dqg
Kdoo +4<<8,1
Ndw}/ Odzuhqfh dqg Gdylg Dxwru/ Fkdqjhv lq wkh Zdjh Vwuxfwxuh dqg Hduq0
lqjv Lqhtxdolw|/ lq Ruoh| Dvkhqihowhu dqg Gdylg Fdug/ hglwruv/ Kdqgerrn ri Oderu
Hfrqrplfv/ Dpvwhugdp/ Qruwk Kroodqg +4<<<,1
Nzldwnrzvnl/ G1/ Skloolsv/ S1F1E/ Vfkplgw/ S1 dqg \1Vklq / Whvwlqj wkh Qxoo
57K|srwkhvlv ri Vwdwlrqdulw| Djdlqvw wkh Dowhuqdwlyh ri d Xqlw Urrw= Krz Vxuh duh
zh wkdw Hfrqrplf Wlph Vhulhv kdyh d Xqlw UrrwB Mrxuqdo ri Hfrqrphwulfv 77/
48<0:; +4<<5,1
Plvkho/ Odzuhqfh/ Mduhg Ehuqvwhlq/ dqg Mrkq Vfkplww1 Wkh Vwdwh ri Zrunlqj
Dphulfd/ 4<<;0<<1 Lwkdfd/ Q\= Fruqhoo Xqlyhuvlw| Suhvv +4<<<,1
Q|eorp/ M1 dqg W1 Pçnhoçlqhq/ Frpsdulvrq ri Whvwv iru wkh Suhvhqfh ri
Udqgrp Zdon Frh!flhqwv lq d Vlpsoh Olqhdu Prgho/ Mrxuqdo ri wkh Dphulfdq
Vwdwlvwlfdo Dvvrfldwlrq/ :;/ ;89097 +4<;6,1
Q|eorp/ M1/ dqg D1F1Kduyh|/ Whvwlqj djdlqvw vprrwk vwrfkdvwlf wuhqgv/
plphr +5333d,1
Q|eorp/ M1/ dqg D1F1Kduyh|/ Whvwv ri Frpprq Vwrfkdvwlf Wuhqgv/ Hfrqr0
phwulf Wkhru|/ 49 +wr dsshdu/ 5333e,
Sihhupdqq/ G1/ Hvwlpdwlrq dqg Vhdvrqdo Dgmxvwphqw ri Srsxodwlrq Phdqv
Xvlqj Gdwd iurp Uhshdwhg Vxuyh|v/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv/
</ 4960:8 +4<<4,1
Srolynd/ Dqqh H1/ Xvlqj Hduqlqjv Gdwd iru wkh Fxuuhqw Srsxodwlrq Vxuyh|
Diwhu wkh Uhghvljq/ Zrunlqj Sdshu &639/ X1V1 Exuhdx ri Oderu Vwdwlvwlfv/ Zdvk0
lqjwrq/ GF +4<<;,1
Vsuljjv/ Zlooldp dqg Euxfh Z1 Nohlq/ Udlvlqj wkh Iorru= Wkh Hhfwv ri
wkh Plqlpxp Zdjh rq Orz0zdjh Zrunhuv1 Zdvklqjwrq/ G1F1= Wkh Hfrqrplf
Srolf| Lqvwlwxwh +4<<7,1
X1V1 Ghsduwphqw ri Oderu/ Plqlpxp Zdjh dqg Ryhuwlph Krxuv Xqghu wkh
Idlu Oderu Vwdqgdugv Dfw/ Hpsor|phqw Vwdqgdugv Dgplqlvwudwlrq/ Zdjh dqg
Krxu Glylvlrq +4<<;,1
Zhvw/ Vdqgud D1/ Phdvxuhv ri Fhqwudo Whqghqf| iru Fhqvruhg Hduqlqjv Gdwd
iurp wkh Fxuuhqw Srsxodwlrq Vxuyh|/ xqsxeolvkhg Exuhdx ri Oderu Vwdwlvwlfv
uhsruw +xqgdwhg,1
58